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SEMICONDUCTOR DEVICE HAVING 
A PLURALITY OF MOSFETS ON SUBSTRATE 
AND METHOD OF MANUFACTURING THE SAME 

5 BACKGROUND OF THE INVENTION 

Field of the Invention: 

The present invention relates to a semiconductor 
device and a method of manufacturing the same and, more 
particularly, to a semiconductor device in which a 

10 plurality of MOSFETs having different threshold voltages 
are formed on one semiconductor substrate, and a method of 
manufacturing the same. 
Description of the Prior Art: 

Generally, in a MOSFET, when the thickness of the 

15 gate oxide film is decreased to reduce tlje threshold 
voltage, although the operation speed rises, the OFF 
current and the gate direct tunnel current increase. When 
the thickness of the gate oxide film is increased to raise 
the threshold voltage, although the operation speed drops, 

20 the OFF current and the gate direct tunnel current 
decrease. A gate direct tunnel current is a current that 
flows from a gate electrode to a channel through a gate 
oxide film when a voltage is applied to the gate electrode, 
in designing a MOSFET constituting the circuit of a 

25 semiconductor device, a MOSFET having an optimum-thick 
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gate oxide film must be used considering the specification, 
characteristics, and the like required for the 
semiconductor device. For this purpose, a plurality of 
types of MOSFETs having different gate oxide film 
thicknesses must be formed on one semiconductor substrate. 

When the power supply voltage is decreased to lower 
the power consumption and the like, a plurality of 
circuits that operate on different power supply voltages 
are sometimes formed on one semiconductor substrate. In 
this semiconductor device, the threshold voltages of the 
MOSFETs forming the respective circuits must be set at 
values suitable for the power supply voltages to be 
applied. Therefore, a plurality of MOSFETs having 
different gate oxide film thicknesses must be formed on 
15 one semiconductor device. 

For example, a circuit unit shown in Fig. 1 is 
obtained by mounting a circuit having a power supply 
voltage of 1.8V and a circuit having a power supply 
voltage of 1.2 V so as to be adjacent to each other. In 
this circuit unit, an inverter comprised of a p-channel 
MOSFET 32 and an n-channel MOSFET 33, and an inverter 
comprised of a p-channel MOSFET 34 and an n-channel MOSFET 
35 are so mounted on a semiconductor substrate as to be 
adjacent to each other. The source electrode of the 
p-channel MOSFET 32 is connected to the 1.8-V power supply 
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voltage, and that of the p-channel MQSFET 34 is connected 
to the 1.2-V power supply voltage. 

To operate the MOSFETs constituting the circuits 
driven by different power supply voltages in this manner 
5 in an optimum manner, the threshold voltages must be set 
at different values. To set different threshold voltages, 
the thicknesses and gate lengths' of the gate oxide films 
of the respective MOSFETs must be set different 
considering the hot carrier lifetimes of the MOSFETs. 
10 For example, in MOSFETs on one semiconductor 

'substrate, their gate oxide film thicknesses and gate 
lengths must be .set at different values, e.g., the 
thickness and gate length of the gate oxide film of the 
n-channel MOSFET 33 that operate on the 1.8-V power supply 
voltage are respectively set to 35 A and 0.18 /«, and 
those of the gate oxide film of the n-channel MOSFET 35 
that operate on the 1.2-V power supply voltage are 
respectively set to 25 A and 0. 13 /mi . To set different 
gate lengths for different MOSFETs on one semiconductor 
substrate is not particularly difficult, because only the 
patterning size of the gates need be set different. When 
compared to this, to set different gate thicknesses for 
different gate oxide films is not easy. 

in a conventional semiconductor device manufacturing 
25 method, a multi-oxide process is used to form two types of 
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MOSFETs having different gate oxide film thicknesses on 
one semiconductor substrate. 

The conventional semiconductor device manufacturing 
method using this multi-oxide process will be described 
with reference to Figs. 2A to 2H. 

TVs shown in Fig. 2A, an isolation region 2 and a 
100- A thick sacrificial oxide film 3 are formed on the 
surface of a p-type silicon substrate 1. P-well 
implantation and gate boron implantation are performed 
through the sacrificial oxide film 3. 

As shown in Fig. 2B, the sacrificial oxide film 3 is 
removed by etching. To completely remove the sacrificial 
oxide film 3 by etching, overetching is performed to 
remove the surface of the structure for a depth larger 
than the thickness of the sacrificial oxide film 3. If 
the overetch amount is 100%, the surface of the isolation 
region 2 is etched deep from the surface of each p-well 4 
by 100 A. 

P-well implantation in the step shown in Fig. 2A 
forms the p-wells 4 on the surface of the p-type silicon 
substrate 1. 

As shown in Fig. 2C, a 35- A thick first gate oxide 
film 21 is formed on the surfaces of the isolation region 

2 and p-wells 4 . 

As shown in Fig. 2D, a resist 27 is formed on the 



surface of the first gate oxide film 21 at a region where 
a MOSFET having a gate oxide film thickness of 35 A is to 
be formed, and the first gate oxide film 21 is removed by 
etching. As a result, the first gate oxide film 21 at a 
portion where the re.sist 27 is formed remains to have a 
thickness of 35 A . However, during this etching, the 
surface of the isolation region 2 is removed again 'by 
etching. 

As shown in Fig, 2E, a 25- A thick second gate oxide 
film 22 is formed on a region where a MOSFET having a thin 
gate oxide film is to be formed. After that, the resist 

27 is removed. 

As shown in Fig. 2F, a polysilicon film 6 as the 
material of a gate electrode is grown, and phosphorus (P) 
is implanted in the polysilicon film 6. 

As shown in Fig- 2G, the polysilicon film 6 is 
patterned and removed by etching, to form gate electrodes 

28 and 29. After that, arsenic (As) is implanted in the 
gate electrodes 28 and 29 and the prospective source/drain 
regions of their MOSFET s - 

• Hence, as shown in Fig. 2H, phosphorus and arsenic 
are implanted in' the gate electrodes 28 and 29 as 
impurities to form source regions <drain regions) 10 in 
their MOSFETs. 

According to this manufacturing method, two types of 
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MOSFETs having different gate oxide film thicknesses are 
formed on one p-type silicon substrate 1, as shown in 
Fig- 2H. 

With this multi-oxide process, after the thick gate 
oxide film is formed, the oxide film on the thin gate 
oxide film region is removed by etching. After that, 
oxidation is performed again to form a thin gate oxide 
film. 

For this reason, when removing the oxide film on the 
thin gate oxide film region by etching, the oxide film on 
the isolation region is also etched to decrease the oxide 
film thickness of the isolation region. 

The deeper the isolation region, the higher the 
isolation performance. When, however, the oxide film 
thickness of the isolation region decreases, a high 
isolation performance cannot be assured. If the number of 
types of gate oxide film thickness increases, the 
manufacture of the semiconductor device sometimes becomes 
impossible. 

20 To form gate electrodes, a polysilicon film is 

patterned and removed by etching. If the gate oxide film 
thicknesses differ, a height difference forms on the 
surface of the polysilicon film. Then, a focusing error 
occurs during patterning with an exposing unit, producing 
an error in gate size such as gate length, gate width, and 
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the like. 

In the conventional semiconductor device described 

above, when forming MOSFETs having different threshold 

voltages on one semiconductor substrate, the following 

5 problems arise. 

(1) Each time a gate oxide film is formed/ the 
isolation region is removed by etching to decrease the 
thickness of the oxide film of the isolation region. 

(2) A focusing error occurs while patterning the gate 
10 material to produce an error in gate size. 

SUMMARY OF THE INVENTION 
An object of the preferred embodiment of the present 
invention is to address the above problems in the prior art 
by providing a semiconductor device in which a plurality of 
15 MOSFETs having different threshold voltages are formed on 
one semiconductor substrate without changing the thicknesses 
of the oxide films of the isolation regions and producing a 
height difference in the surface of a gate electrode 
material when patterning the gate electrode material, and a 
20 method of manufacturing the same. 

According to the first main aspect of the present 
invention, there is provided a semiconductor device in which 
a plurality of MOSFETs of one conductivity type having gate 
electrodes formed out of a semiconductor material are formed 
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on one semiconductor substrate, and the gate electrodes of 
the plurality of MOSFETs are implanted with an impurity at 
different concentrations in accordance with threshold 

voltages to be set- 

The semiconductor device described in the above main 
aspect has the following subsidiary aspects. 

The plurality of MOSFETs 6f one conductivity type are 

n-channel MOSFETs. _ 

When the MOSFETs to be formed are n-channel MOSFETs, 
the impurity to be implanted in the gate electrodes formed 
of the semiconductor material comprises at least one 
element selected from the group consisting of arsenic, 
phosphorus, and antimony. 

When the MOSFETs to be formed are p-channel MOSFETs, 
the impurity to be implanted in the gate electrodes formed 
of the semiconductor material comprises at least one 
element selected from the group consisting of boron and 
indium. 

The semiconductor material that forms the gate 
electrodes comprises silicon. 

I„ order to achieve the above object, according to 
the second main aspect of the present invention, there is 
provided a semiconductor device manufacturing method 
comprising the steps of forming an isolation region and a 
well on a surface of a semiconductor substrate, forming a 
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gate oxide film on surfaces of the isolation region and 
the well, growing a semiconductor material that forms gate 
electrodes on a surface of the gate oxide film and the 
surface of the isolation region, forming a film that 
5 prohibits ion implantation on that part of a region of the 
semiconductor material, which forms MOSFETs, in order to 
set a high threshold voltage therein, implanting a first 
impurity in the semiconductor material and removing the 
film that prohibits ion implantation, patterning the 
10 semiconductor material and removing the semiconductor 
material by etching to form first and second gate 
electrodes, and implanting a second impurity in the first 
and second gate electrodes and prospective source/drain 
regions . 

15 According to the present invention, the impurity 

concentrations of the gate electrodes of the MOSFETs are 
set different on the basis of threshold voltages to be set. 
The width of a depletion layer formed on the gate oxide 
film side of a gate electrode having a high impurity 

20 concentration is smaller than that of a gate electrode 
having a low impurity concentration. The threshold 
voltage is determined by the sum of the thickness of a 
gate oxide film and the width of a depletion layer formed 
in the gate electrode. Accordingly, the threshold voltage 

25 of a MOSFET having a gate electrode of a high impurity 
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concentration is lower than that of a MOSFET having a gate 
electrode of a low impurity concentration. 

Therefore, in the present invention, a plurality of 
MOSFET s having different threshold voltages can be formed 
on one semiconductor substrate without decreasing the 
thickness of the oxide film of the isolation region and 
producing a height difference in the surface of a • gate 
material when patterning the gate material. 

The above and other objects, features and advantages of 
the present invention should become clear to those skilled 
in the art upon making reference to the following detailed 
description and accompanying drawings in which a preferred 
embodiment incorporating the principle of the present inven- 
tion is shown by way of illustrative example. _ 



BRIEF DESCRIPTION OF THE DRAWINGS 
Fig. 1 is a circuit diagram showing conventional 
logical circuits having different power supply voltages; 

Figs. 2A to 2H are sectional views sequentially 
2 0 showing steps in manufacturing a conventional 
semiconductor device; 

Figs. 3A tb 3F are sectional views sequentially 
showing steps in manufacturing a semiconductor device 
according to the present invention; 

Fig. 4 is a view explaining a state wherein a voltage 
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is applied to the gate electrode of a MOSFET; and 

Fig. 5 is a graph showing the relationship between 

th. impurity concentration of the gate electrode and the 

width of the depletion layer in an embodiment of the 

present invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 
• "The preferred embodiment of the present invention 
will be described with reference to the accompanying 
drawings . 

Figs. 3A to 3F are sectional views showing steps in 
manufacturing a semiconductor device according to an 
embodiment of the present invention. In Figs. 3A to 3F, 
the same reference numerals as in Figs. 2A to 2H denote 
the same constituent elements. 

As shown in Fig. 3A, an isolation region 2 and a 
100- A thick sacrificial oxide film 3 are formed on the 
surface of a p-type silicon substrate 1. P-well 
implantation and gate boron implantation are performed 
through the sacrificial oxide film 3. As shown in Fig. 3B, 
the sacrificial oxide film 3 is removed by etching. So 
far the manufacturing steps are identical to those in the 
conventional semiconductor device manufacturing method. 

As shown in Fig. 3C, a 25- A thick gate oxide film 5 
formed on the surfaces of the isolation region 2 and 



is 

25 p-wells 4. 



As shown in Fig. 3D, a polysilicon film 6 is grown on 
the surfaces of the gate oxide film 5 and isolation region 
2 After that, a resist 7 is formed on a region where a 
MOSFET having a high threshold voltage is to be fooaed. 
Phosphorus as an impurity of a gate electrode is implanted 
in the polysilicon film 6. Although the resist 7 is used 
to prohibit implantation of phosphorus, any film such as a 
nitride film that can prohibit ion implantation can he 
used in place of the resist 7. 

As shown in Fig- 3E, after the resist 7 is removed, 
the polysilicon film 6 is patterned and removed by etching 
to form gate electrodes 8 and 9. Arsenic is implanted in 
the gate electrodes 8 and 9 and the prbspective 
source/drain regions of their MOSFET s . 

As a result, a semiconductor device according to this 
e.bodiment is completed, as shown in Fig. 3F. In the 
MOSFET s of the semiconductor device of this embodiment, 
only arsenic is implanted in the gate- electrode 8, while 
phosphorus and arsenic are implanted in the gate electrode 
9 m other words, in the MOSFET s of the semiconductor 
device according to this embodiment, although the gate 
oxide films have the same thickness.- the gate electrodes 
have different impurity concentrations. 

The relationship between the impurity- concentration 
of a gate electrode and the width of a depletion layer 



obtained when a voltage is applied to the gate electrode 
will be described with reference to Fig. 4. 

In the MOSFET shown in Fig. 4, a source region 44 and 
a drain region 43 are formed in the surface portion of a 
p-well 47. A gate, oxide film 42 is formed on the p-well 
4 7 at a portion between these regions 4 4 and 43. A gate 
electrode 40 is formed on the gate oxide film 42. A gate 
voltage Vg is applied to the gate electrode 40, and the 
p-well 47 is connected to the ground potential. The 
region of the p-well 47 sandwiched between the drain 
region 43 and source region 4 4 forms an inversion layer 
(channel) 46. In the p-well 47, portions around the 
source region 44, drain region 4 3, and inversion layer 4 6 
form a depletion layer 45. When the gate electrode Vg for 
forming the inversion layer 46 is applied to the gate 
electrode 40, that part of the gate electrode 40, which is 
on the side in contact with the gate oxide film 42 forms a 
depletion layer 41. 

The graph of Fig. 5 shows the relationship between 
the impurity concentration of the gate electrode 40 and 
the width of the depletion layer 41. 

As shown in Fig. 5, the higher the impurity 
concentration of the gate electrode 40, the smaller a 
width t of the depletion layer 41. The threshold 

<Jep 

voltage of a MOSFET is determined by a thickness t ox of the 
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gate oxide film, and in practice by a value t_ + t^ 
obtained by adding the width t^ of the depletion layer 41 
to the thickness t.„ of the gate oxide film. 

Hence, in the semiconductor device shown in Fig. 3F, 
since the impurity concentration of the gate electrode 9 
is higher than that of the gate electrode 8, the width of 
the depletion layer of the gate electrode 9 is smaller 
than that of the depletion layer of the gate electrode 8. 
Accordingly, the effective electric field acting on the. 
gate oxide film 5 is smaller on the gate electrode 8 than 
on the gate electrode 9. As a result, although the two 
MOSFETs having the gate electrodes 8 and 9 have the gate 
oxide films 5 of the same thickness, the thickness of the 
gate oxide film 5 of the MOSFET having the gate electrode 
8 is electrically thicker, so the obtained gate tunnel 
current decreases. If the channel concentration stays the 
same, the threshold voltage of the MOSFET having the gate 
electrode 8 is higher than that of the MOSFET having the 

gate electrode 9- 

Therefore, In the MOSFETs of the semiconductor device 
according to this embodiment, even if the gate oxide fiims 
ha ve the same thickness, the threshold voltages to be set 
can be changed by changing the concentrations of the 
impurities to be implanted in the gate electrodes. 

with the same gate oxide film thicrness, if the width 
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of the depletion layer of the gate oxide film of the gate 
electrode 9 can be increased, the effective thickness of 
the gate oxide film is increased. Then, the electric 
field acting on the gate oxide film decreases. Even when 
a high voltage is applied to the gate electrode 9, no 
problem occurs in the service life of the gate oxide film. 

The isolation region 2 is etched only when removing 
the sacrificial oxide film 3 shown in Fig. 3B by etching. 
Even if the number of types of threshold voltage to be set 
increases, the isolation region 2 will not be etched any 
further. 

Although polysilicon is used as the material of the 
gate electrode in this embodiment, the material of the 
gate electrode is not limited to polysilicon. The present 
invention can be similarly applied when other 
semiconductor materials such as single-crystal silicon, 
amorphous silicon, germanium, silicon germanium (SiGe) , 
and gallium arsenide (GaAs) are used. 

In this embodiment, n-channel MOSFETs are formed on a 
semiconductor substrate. However, the present invention is 
not limited to this, but can similarly be applied when p- 
channel MOSFETs are to be formed on a semiconductor 
substrate. 

As an impurity to be implanted in the gate electrodes 
when forming n-channel MOSFETs, antimony (Sb) can be used. 
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As an impurity to be implanted in the gate electrodes when 
forming p-channel MOSFETs , boron, indium (In), or a like 

element can be used. 

When antimony (8b) is used as an impurity to be 
implanted in n-channel MOSFETs , since it has a low activa- 
tion rate and accordingly good controllability for a low 
impurity concentration, it is effective to increase the 
width of the depletion layer of the electrode of the gate 
polysilicon. When indium (In) is used as an impurity to be 
implanted in p-channel MOSFETs, since it has a low 
activation rate and accordingly good controllability for a 
low impurity concentration, it is effective to increase the 
width of the depletion layer of the electrode of the gate 

polysilicon film. 

While the present invention has been described in its 
preferred embodiments, it is to be understood that the words 
which have been used are words of description rather than 
limitation, and that changes may be made to the invention 
without departing from its scope as defined by the appended 
claims - 

Each feature disclosed in this specification (which 
term includes the claims) and/or shown in the drawings may 
be incorporated in the invention independently of other 
disclosed and/or illustrated features. The description of 
the invention with reference to the drawings is by way of 
example only. 
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The text of the abstract filed herewith is repeated 
here as part of the specification. 

In a semiconductor device, a plurality of MOSFETs of 
one conductivity type having gate electrodes formed out of 
5 a semiconductor material are formed on one semiconductor 
substrate. The gate electrodes of these MOSFETs are im- 
planted with an impurity at different concentrations in 
accordance with the threshold voltages to be set. This 
semiconductor device is manufactured by a method including 

10 the steps of forming an isolation region and a well on the 
surface of a semiconductor substrate, forming a gate oxide 
film on the surfaces of the isolation region and the well, 
growing a semiconductor material that forms gate electrodes 
on the surfaces of the gate oxide film and the isolation 

15 region, forming a film that prohibits ion implantation on 
that part of a region of the semiconductor material , which 
forms MOSFETs, in order to set a high threshold voltage 
therein, implanting a first impurity in the semiconductor 
material and removing the film that prohibits ion implant- 

20 ation, patterning the semiconductor material and removing 
the semiconductor material by etching to form first and 
second gate electrodes, and implanting a second impurity in 
the first and second gate electrodes and prospective 
source/drain regions. 
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CLAIMS : 



x . a semiconductor device in which a plurality of 
MOSFETs of one conductivity type having gate electrodes 
formed out of a semiconductor material are formed on one 
semiconductor substrate, wherein said gate electrodes of 
said plurality of MOSFETs are implanted with at least one 
impurity at different concentrations in accordance with 
threshold voltages to be set. 



2. 



A device according to claim 1. wherein said 
plurality of MOSFETs of one conductivity type having said 
gate electrodes formed out of said semiconductor material 
are n-channel MOSFETs. 

3 . A device according to claim 2 , wherein said impurity 
to be implanted in said gate electrodes comprises at least 
one of arsenic, phosphorus and antimony. 

4. A device according to claim 1, wherein said 
plurality of MOSFETs of one conductivity type having said 
gate electrodes formed out of said semiconductor material 
are p- channel MOSFETs. 

5. A device according to claim 4, wherein said impurity 
to be implanted in said gate electrodes comprises at least 
one of boron and indium. 
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6. A device according to any one of the preceding 
claims, wherein said semiconductor material that forms said 
gate electrodes comprises silicon. 

7. A semiconductor device manufacturing method com- 
prising the steps of: 

forming an isolation region and a well on a surface of 
a semiconductor substrate; 
5 forming a gate oxide film on surfaces of said isolation 

region and said well; 

growing a semiconductor material that forms gate elec- 
trodes on a surface of said gate oxide film and said surface 
of said isolation region; 
10 forming a film that prohibits ion implantation on that 

part of a region of said semiconductor material, which forms 
MOSFETs, in order to set a high threshold voltage therein; 

implanting a first impurity in said semiconductor materi- 
al and removing said film that prohibits ion implantation; 
15 patterning said semiconductor material and removing said 

semiconductor material by etching to form first and second 
gate electrodes; and, 

implanting a second impurity in said first and second 
gate electrodes and prospective source/drain regions. 

8. A method according to claim 7 wherein, when said 
MOSFETs to be formed are n- channel MOSFETs, each of said 
first and second impurities comprises at least one of 
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arsenic, phosphorus, and antimony. 



9. A method according to claim 7 wherein, when said 
MOSFETs to be formed are p-channel MOSFETs, each of said 
first and second impurities comprises at least one of boron 
and indium, 

10. A method according to any one of claims 7, 8 and 9, 
wherein said semiconductor material that forms said gate 
electrodes is silicon. 

11. A semiconductor device substantially as herein 
described with reference to and as shown in the accompanying 
drawings . 

12 . A semiconductor device manufacturing method substan- 
tially as herein described with reference to and as shown in 
the accompanying drawings. 
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